Introduction
============

Periodontal disease is an inflammation of the soft and hard tissues that support the teeth. These tissues include the gums, the periodontal ligaments, and the alveolar bones that surround the teeth. Gingivitis and periodontitis are the most common periodontal diseases. The inflammation of the gums surrounding the teeth is defined as gingivitis, which is reversible after timely and effective tooth clean (including tooth brushing and periodontal scaling). However, chronic and recurrent gingivitis ultimately result in receding gums and can cause irreversible damage to alveolar bone, which is defined as periodontitis.^[@bib1]^ Thus, the mechanism in maintaining the reversible capacity of gingivitis is of great importance for disease control.

Bacteria are the main cause of periodontal diseases. The major component of Gram-negative bacterial outer membrane, lipopolysaccharide (LPS), can trigger the inflammatory response, leading to the release of large numbers of inflammatory mediators, including interleukins, chemokines, adhesion molecules and reactive oxygen species (ROS).^[@bib2; @bib3; @bib4; @bib5]^ These pro-inflammatory mediators are required for immune defense against bacteria, but when the activity is uncontrolled, ROS accumulation is observed. ROS, including superoxide radicals, hydrogen peroxide and hydroxyl radicals, are involved in a variety of chronic diseases, such as atherosclerosis, pulmonary toxicity, macular degeneration, cataractogenesis, diabetes, cancers and renal fibrosis.^[@bib6]^ Bacteria-induced oxidative stress can cause tissue damage, vascular barrier dysfunction and perpetuation of the inflammatory cascade.^[@bib7]^

Oxidative stress is recognized to be involved in periodontitis.^[@bib8],[@bib9]^ To test the hypothesis that LPS-induced oxidative stress can have differential consequences when involved in gingivitis and periodontitis, we simulated acute gingivitis and chronic periodontitis to study the oxidative stress and cell death that ensued.

Results
=======

LPS induces oxidative stress and DNA damage in gingival fibroblast cells
------------------------------------------------------------------------

Acute gingivitis mouse model has not been acknowledged. In this study, gingival fibroblasts were stimulated by LPS *in vitro* for 24 and 48 h, to simulate acute and early inflammation. It is evident that LPS has the ability to induce ROS accumulation and promote pro-inflammatory cytokine expression.^[@bib4]^ ROS buildup in gingival fibroblast after 24 h of LPS stimulation was supported by observed DCFH-DA staining ([Figure 1](#fig1){ref-type="fig"}). ROS can directly result in DNA damage. DNA damage induces the phosphorylation of histone variant H2AX (*γ*H2AX) to recruit proteins to repair double-stranded DNA breaks.^[@bib10],[@bib11]^ [Figure 2](#fig2){ref-type="fig"} illustrates a time-dependent accumulation of DNA double-stranded breaks, detectable after 24 h of LPS-induced oxidative stress. The effects of ROS on gingival fibroblast DNA was evident by 48 h. DNA damage can potentiate apoptosis and senescence as a factor of p53 status.^[@bib12]^

[Figure 2d](#fig2){ref-type="fig"} showed p53 had increased as a response to DNA damage in 24 h. In addition, the levels of p21, a p53 transcriptional target acting as cyclin-dependent kinase inhibitor, were also found to increase.^[@bib13]^ Since these primary gingival fibroblastic cells have intact p53, the expectation was the apoptotic death of DNA-damaged cells. However, the differences in short *versus* long exposure to LPS have not been studied in gingival fibroblasts.

Cell apoptosis is a possible consequence when oxidative stress and DNA damage persist. To study the short-term ROS effect, we exposed gingival fibroblasts to LPS for as long as 48 h *in vitro*. Cell apoptosis was examined by flow cytometry. The results showed that apoptosis rates have no difference in the 24- and 48-h LPS groups compared to control treatments ([Figures 3a and b](#fig3){ref-type="fig"}). Detection of caspase-3 confirmed cell apoptosis is not detectable in 24-h LPS group ([Figure 3c](#fig3){ref-type="fig"}).

DNA damage and apoptosis in chronic periodontitis
-------------------------------------------------

In a long-term study, an experimental periodontitis *in vivo* model was used where gingival tissue of mice was administered LPS for 3 weeks.^[@bib14]^

8-OHdG is one of the predominant forms of free radical-induced DNA oxidation, and has therefore been widely used as a biomarker for oxidative stress.^[@bib15],[@bib16]^ The expressions of 8-OHdG were mainly in the nuclei compared to the cytoplasm. Of note, cytoplasmic 8-OHdG can be attributed to mitochondrial DNA damage and mitophagy, which was not evident in our studies. [Figure 4a](#fig4){ref-type="fig"} illustrates epithelia, fibroblasts and muscle cells had high 8-OHdG expressions. More cells in submucosal tissue had high expression of 8-OHdG in the chronic LPS treatment group than the control, PBS-treated group ([Figure 4a](#fig4){ref-type="fig"}). The results were confirmed at periodontitis diseased sites in human gingival tissues. [Figure 4b](#fig4){ref-type="fig"} showed five periodontitis samples had more submucosal cells with positive staining of 8-OHdG than three healthy gingival tissue. It suggested that DNA oxidation was aggravated by LPS-induced periodontitis.

To study the long-term effect to oxidative stress, cell apoptosis in experimental periodontitis was examined by TUNEL staining. Contrary to short-term results, the number of TUNEL-positive cells was higher in experimental periodontitis model than the control ([Figure 4c](#fig4){ref-type="fig"}). It suggested apoptosis of gingival fibroblast cells occurred in a long and chronic process. The profound immune response to LPS treatment was next limited by the use of *Rag2^−/−^* mice in the identical periodontitis model. *Rag*-2-deficient mice fail to produce mature B and T lymphocytes.^[@bib17]^ The *Rag2^−/−^* periodontitis mouse model had greater number of apoptotic cells compared to the PBS-treated control ([Figure 4d](#fig4){ref-type="fig"}). It suggested that LPS could directly induce apoptosis in gingival fibroblast cells in a cell intrinsic manner.

Contrary to short-term stimulation of LPS, the results showed LPS-induced experimental periodontitis could lead to DNA damage and apoptosis. The results suggested gingival fibroblast could survive when exposed to LPS in the short-term period. It indicated periodontal disease (gingivitis) may not cause severe damage.

The anti-apoptotic mechanism of gingival fibroblast in gingivitis
-----------------------------------------------------------------

To elucidate the mechanism of how gingival fibroblast could resist toxic effects of LPS, we examined apoptotic effectors. Not surprisingly, the stress kinases, p-JNK and p-P38, were activated in a dose-dependent manner of LPS ([Figure 5](#fig5){ref-type="fig"}). The concomitant DNA damage associated increase in the expression of p53 was also not surprising. But, the generally considered pro-survival kinase, p-AKT, was decreased in increasing LPS concentrations. However, in contrast to its ability to inhibit apoptosis induced by multiple apoptotic stimuli, decreased AKT could inhibit ROS-mediated apoptosis.^[@bib18]^ The elevation of anti-apoptotic, BCL-1 and ERK activation likely countered apoptotic effects. The upregulation of anti-apoptotic protein expression of survivin further revealed the gingival fibroblasts means of survival ([Figure 5b](#fig5){ref-type="fig"}). Measures of DNA damage repair genes were taken, Ogg1 and Neil1 belong to DNA glycosylase enzymes that repair DNA damages caused by oxidative stress, Rad50 is involved in DNA double-strand break repair, were all found to be upregulated under short-term stimulation of LPS ([Figure 6b](#fig6){ref-type="fig"}).

Since apoptosis was not detected, senescence and autophagy might be the consequences of DNA damage. [Figure 2d](#fig2){ref-type="fig"} had suggested p21-mediated senescence was involved. Another maker of senescence, p16 and marker of autophagy, LC3 was examined. The results suggested autophagy, but not p16-mediated senescence was involved in cell survival and potential regenerative process ([Figure 6a](#fig6){ref-type="fig"}).

Discussion
==========

Oxidative stress is a condition in which pro-oxidant--antioxidant balance in the cell is disturbed. Under severe oxidative damage, cell death is the ultimate result. A number of studies have shown that oxidative stress could cause cell apoptosis. This study showed that LPS was able to increase ROS accumulation in gingival fibroblast cells in 24 h. It suggested oxidative stress occurred in early inflammation. Bacterial endotoxin LPS induces the production ROS under *in vivo* and *in vitro* conditions. Multiple studies have demonstrated that LPS significantly increases intracellular ROS production in various cell types, including vascular smooth muscle cells, macrophage and vascular endothelial cells.^[@bib19; @bib20; @bib21]^ A study even revealed that LPS induced significant ROS levels in human dental pulp cells.^[@bib22]^ LPS from *Porphyromonas gingivalis* upregulated ROS in periodontal ligament fibroblasts.^[@bib23]^ As a result of ROS accumulation, the toxicity of LPS might induce oxidative stress on gingival fibroblast cells.

For the measurement of the damage of oxidative stress, products of radical damage to DNA, lipids, proteins and protective species are good markers of ROS-induced oxidative stress.^[@bib24]^ In this study, *γ*H2AX was detected for early DNA damage; 8-OHdG was detected for oxidative damage to DNA. The results showed mild DNA damage was observed only after 48 h. It seems that DNA damage could be resisted in 24 h (the early stage of acute gingival inflammation). However, high levels of 8-OHdG was found in mouse periodontitis models and human periodontitis samples ([Figure 4](#fig4){ref-type="fig"}). The results were coincident with previous studies that have suggested periodontitis-induced oxidative stress. In experimental periodontitis, the expressions of 8-OHdG level and nitrotyrosine in fibroblasts or leukocytes have been demonstrated.^[@bib8],[@bib9]^ Experimental periodontitis also increased plasma 8-OHdG levels and the level of serum reactive oxygen metabolites in rat periodontitis models.^[@bib25],[@bib26]^ There was no doubt that oxidative stress existed in periodontitis, but our results suggested that DNA damage was continuously accumulated when inflammation persisted.

When oxidative stress persists, cell apoptosis increases as well. A large number of studies have shown that oxidative stress could cause cellular apoptosis.^[@bib27; @bib28; @bib29]^ Previous studies have observed apoptosis in chronic periodontitis as well. In human periodontitis tissue, most of the TUNEL-positive cells belonged to neutrophil cell populations.^[@bib30],[@bib31]^ Periodontitis and diabetic periodontitis also increased apoptosis of fibroblasts, osteoblasts and osteocytes.^[@bib32]^ Our study confirmed that experimental periodontitis-induced apoptosis of fibroblasts by using immune complete and deficient mice.

Compared with these periodontitis models and samples, apoptosis is not obvious in short-term stimulation of LPS *in vitro*, even though DNA damage had been observed in 48 h. The results were differed from some other cell types, for example, vascular endothelial cells,^[@bib21]^ osteoblasts^[@bib33]^ and airway epithelial cells,^[@bib34]^ in which LPS induced oxidative stress and apoptosis. It suggested gingival fibroblast might possess the potential to resist toxic effects of LPS in the early stage of inflammation.

To verify the underlying mechanism, some DNA repair genes and apoptotic-associated proteins were examined. The mechanism resisting oxidative stress caused by LPS is likely related to the increased expression of Ogg1,^[@bib35]^ Neil1^[@bib36]^ and Rad50.^[@bib37],[@bib38]^ These principal enzymes for DNA repair help to protect gingival fibroblast from early DNA damage.

Anti-apoptotic and pro-apoptotic proteins were detected. BCL-2, AKT, ERK and survivin are known as survival proteins. BCL-2 is considered to be an important anti-apoptotic protein, which protects DNA from fragmentation.^[@bib39]^ Increase of BCL-2 may contribute to the anti-apoptotic effect of gingival fibroblast in this study. AKT is thought to be an anti-apoptotic protein. However, AKT could not protect against ROS-mediated cell death but rather sensitized cells to this cell death. In contrast to its ability to inhibit apoptosis induced by multiple apoptotic stimuli, decreased AKT could inhibit ROS-mediated apoptosis.^[@bib18]^ In our study, decreased AKT may possess anti-apoptotic effects to resist cell death. ERK pathway has long been associated with cell growth, cell proliferation and survival.^[@bib40]^ Nolan *et al.* reported that LPS signal transduction by ERK inhibits neutrophil apoptosis. Treatment of cells with ERK inhibitor would inhibit LPS signaled inhibition of neutrophil apoptosis.^[@bib41]^ It indicated that ERK pathway promotes survival ability of gingival fibroblast. Survivin, a member of the inhibitors of apoptosis protein family, inhibits cell death through interference with both caspase-dependent and -independent cell apoptosis.^[@bib42]^ Increase of survivin was an important factor to promote cell survival.

Conversely, p38, JNK and p53 are known as pro-apoptotic proteins. JNK and p38 MAPK are involved in the inflammatory response and mediated cell apoptosis.^[@bib43]^ p53 is widely known as a tumor suppressor. One of the most dramatic responses to p53 activation is the induction of apoptosis.^[@bib44]^ In periodontal diseases, p53 was observed in the inflammatory infiltrate.^[@bib29]^ We have found that p38, JNK and p53 levels increased in LPS groups.

It is assumed that the anti-apoptotic effects and pro-apoptotic effects that were induced by LPS were balanced, and as a result, cell apoptosis was not induced by LPS in short time period. However, oxidative stress and DNA damage might induce other consequences, for example, cell senescence and autophagy. Cellular senescence in normal cells is mainly classified into two mutually exclusive types: one involves p16 and the other involves p21.^[@bib45]^ In this study, p53--p21 pathway is expressed, but the level of p16 is not changed. LC3 is a specific marker reflecting autophagy and autophagy-related processes, including autophagic cell death.^[@bib46]^ The results showed autophagy and p21-mediated senescence were involved. Autophagy shares similar upstream signaling pathways and stimulating factors with apoptosis. Sometimes it results in combined autophagy and apoptosis. Autophagy activation may inhibit cell apoptosis, but excessive autophagy may also cause autophagic cell death.^[@bib47]^ The exact relationship among autophagy, senescence, apoptosis and LPS-induced oxidative stress needs further investigation.

The results help to explicate the consequence of LPS-induced oxidative stress in early gingivitis and chronic periodontitis. Gingival fibroblast possesses a short-term self-recovery time to resist toxic effect of LPS. During this time, the mRNA expressions of DNA repair enzymes were upregulated, the anti-apoptotic and pro-apoptotic effects were balanced, and cell damage tends to be reversible. The recovery time did not last long, as the DNA damage occurred after 48 h.

These results contribute to illustrate the mechanism that acute gingivitis could be curable when bacteria (dental plaque) are removed timely. Furthermore, the self-defense ability helps to keep gingiva 'healthy' during the interval of tooth brushing. Contrary to early and acute gingivitis, chronic and recurrent gingival inflammation induces cell damage, including DNA damage and cell apoptosis. It indicates periodontitis, which leads to irreversible damage to cells, even the periodontal tissue. The results confirm that early intervention to acute gingivitis is of most importance. If some measures, for example, increase the anti-apoptotic effect or DNA repair ability could be taken to prolong the self-recovery time, the periodontal tissue might be more resistant to inflammation.

In conclusion, gingival fibroblasts have potential to resist LPS-induced oxidative stress and cell apoptosis in periodontal diseases. The mechanism might be related to increased mRNA expression of DNA repair enzymes and balanced anti-apoptotic and pro-apoptotic proteins.

Materials and Methods
=====================

Cell culture
------------

Mouse gingival fibroblast was cultured from gums obtained from 6- to 8-week-old female BalB/c mice. The gingival tissue was cut into pieces and cultured in Alpha modifications of Minimum Essential Medium (Sigma-Aldrich Co. LLC., St. Louis, MO, USA) with 10% fetal bovine serum plus 100 U/ml penicillin, and 100 *μ*g/ml streptomycin (all from Cambrex, Walkersville, MD, USA) at 37 °C with 5% CO~2~. Cells between passages 3--6 were used.

Periodontitis mouse model
-------------------------

BalB/c and *Rag2^−/−^* mice (4- to 10-week-old female mice) were obtained from the Harlan Laboratories (Indianapolis, IN, USA). The mice were housed in a pathogen-free environment at the Cedars-Sinai Medical Center Animal Facility under the approval of the Institutional Animal Care and Use Committee (IACUC003638). The protocol ensured humane practices.

To establish the periodontitis mouse model, 10 *μ*g LPS (*Escherichia coli* LPS (O111 : B4; Sigma-Aldrich Co. LLC.)) in 10 *μ*l PBS or 10 *μ*l PBS vehicle were injected into mandibular buccal gingiva two times per week for 3 weeks.^[@bib14]^ Mice were killed and gingival tissue was collected for histologic evaluation.

Flow cytometry
--------------

Gingival fibroblasts were serum starved for 24 h then treated with 1 *μ*g/ml LPS for 24 h. For the apoptosis assay, cells were harvested and stained with Annexin V (eBioscience, San Diego, CA, USA) and 7-AAD (BD Biosciences, San Jose, CA, USA) according to the manufacturer's instructions. Similarly, ROS activity was quantitated by DCFH-DA staining of serum-starved gingival fibroblasts treated with 1 *μ*g/ml LPS for 24 h. Cells were cultured with DCFH-DA for 20 min.

Immunofluorescence staining
---------------------------

Immunofluorescent localization of *γ*H2AX in gingival fibroblasts was performed following 1 *μ*g/ml LPS treatment for 6, 24 and 48 h. Cells were fixed and incubated in PBS with 0.25% Triton X-100 (Sigma-Aldrich Co. LLC.) and 5% normal goat serum for 30 min, and subsequently incubated with anti-*γ*H2AX antibody (Trevigen Inc., Gaithersburg, MD, USA) overnight at 4 °C. Cells were washed and incubated with secondary antibody for 1 h. Cells were counterstained with DAPI and mounted. For DCFH-DA staining, serum-starved gingival fibroblasts were treated with 1 *μ*g/ml LPS for 24 h. Cells were cultured with DCFH-DA for 20 min. The fluorescent images were taken using a fluorescence microscope (Olympus Fsx100, Olympus Corporation, Tokyo, Japan).

Western blot
------------

Gingival fibroblasts were serum starved for 24 h and then treated with 1 *μ*g/ml LPS for 24 h. Proteins were detected following western blot procedure. The following proteins were detected using antibodies (Cell Signaling Technology, Inc., Danvers, MA, USA): anti-caspase-3, anti-BCL2, anti-AKT (phosphor Ser473), anti-ERK1/2 (phosphorylated Thr202/Tyr204), anti-SAPK/JNK (phosphorylated Thr183/Tyr185), anti-p38 (phosphorylated Thr180/Tyr182) and anti-survivin. Anti-p53, anti-p21, anti-p16 and anti-*β*-actin antibodies from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) were used. Anti-LC3 from Novus Biologicals, LLC (Littleton, CO, USA) were used.

RT-PCR
------

Gingival fibroblasts were serum starved for 24 h then treated with 1 *μ*g/ml LPS for 24 h.

Total mRNA was isolated using RNase mini kit (Qiagen, Hilden, Germany). Approximately, 1 *μ*g of total RNA was used to synthesize cDNA with (Bio-Rad Laboratories, Inc., Hercules, CA, USA). mRNA expression was determined by RT-PCR, which was performed on Bio-Rad\'s S1000 Thermal Cycler (Bio-Rad Laboratories) using GoTaq Green Master Mix (VWR International, Radnor, PA, USA). Primer sequences used are shown in [Supplementary Table 1](#xob2){ref-type="supplementary-material"}.

Clinical samples, immunohistochemistry and analysis
---------------------------------------------------

Human gingival tissues obtained from crown lengthening surgery, eruption aiding surgery (normal gingival tissues) and gingivectomy (periodontitis tissues) were collected at West China Hospital of Stomatology, Sichuan University (Chengdu, Sichuan, China). The protocol was reviewed and subjects' rights have been protected by the Institutional Ethics Committee of West China Hospital of Stomatology (WCHSIRB-ST-2014-091). All subjects provided informed written consent. Immunohistochemical detection was conducted using antibodies 8-OHdG (Abcam, Cambridge, MA, USA) and TUNEL (Thermo Fisher Scientific Inc., Waltham, MA, USA). Images were captured with Aperio AT2 (Leica Biosystems, Wetzlar, Germany). The number of immunoreactive cells was calculated and evaluated as the percentage (0--100%) of positive cells.

Statistical analysis
--------------------

Data were expressed as mean±S.E.M. The statistical significance of differences among groups was assessed using Student's *t*-test and one-way ANOVA with LSD post-hoc test by SPSS 16.0 (IBM Corp., New York, NY, USA). A difference was considered significant when *P*\<0.05.
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![Gingival fibroblast was treated with LPS (1 *μ*g/ml) for 24 h. Reactive oxygen species (ROS) were determined by DCFH-DA staining. (**a**) LPS increases ROS accumulation in gingival fibroblast (magnification ×100). (**b**) The ROS-positive cells were counted by flow cytometry. The experiment was repeated three times with similar results (Ctrl, control; \*\**P*\<0.01).](cddiscovery201546-f1){#fig1}

![DNA damage appeared after stimulation of LPS for 48 h. Immunofluorescent localization of *γ*H2AX in gingival fibroblasts was performed following 1 *μ*g/ml LPS treatment for 6, 24 and 48 h. (**a** and **b**) *γ*-H2AX was not detected in 6 and 24 h, respectively. (**c**) But *γ*-H2AX was increased in cell nuclei by LPS in 48 h (red arrow; Ctrl, control; magnification ×400). (**d**) LPS (1 *μ*g/ml) increased p53 and p21 in 24 h.](cddiscovery201546-f2){#fig2}

![Even though ROS was increased and DNA damage appeared, cell apoptosis rate were not changed by LPS. Annexin V/7-AAD staining followed by flow cytometry was conducted to study the apoptotic rates. (**a**) LPS (1 *μ*g/ml) had little influence on apoptosis rate and cell cycle in 24 h. The experiment was repeated three times and statistical analysis was performed. (**b**) Even in 48 h, LPS (1 *μ*g/ml) had little influence on apoptosis rate (Ctrl, control). The experiment was repeated three times. (**c**) Cleaved caspase-3 is not obvious after stimulation of LPS (1 *μ*g/ml) for 24 h.](cddiscovery201546-f3){#fig3}

![Chronic periodontitis-induced apoptosis and DNA damage in gingiva. Approximately, 10 *μ*g LPS in 10 *μ*l PBS or 10 *μ*l PBS vehicle were injected into mandibular buccal gingiva two times per week for 3 weeks to establish experimental periodontitis models or PBS vehicle models. (**a**) There were higher expressions of 8-OHdG in the nuclei in BalB/c mice periodontitis models compared to the PBS vehicle models (scale bar, 100 *μ*m). (**b**) Paraffin-embedded human gingival samples were stained for 8-OHdG by IHC (other two healthy and four periodontitis specimens were shown in [Supplementary Figure 1](#xob1){ref-type="supplementary-material"}; scale bar, 50 *μ*m). The percentage of positive cells was counted from four microscopic fields per sample. (**c**) TUNEL staining showed more apoptotic cells in BalB/c mice periodontitis model, especially in submucosal tissue (scale bar, 100 *μ*m). (**d**) TUNEL staining in *Rag2^−/−^* mice periodontitis model (scale bar, 100 *μ*m). The percentage of positive cells (**a**, **c** and **d**) was counted from three to four mice samples and four microscopic fields per sample (\*\**P*\<0.01).](cddiscovery201546-f4){#fig4}

![The mechanisms of gingival fibroblast in cell apoptosis resistance. (**a**) Effects of LPS on the expressions of pro-apoptotic proteins and (**b**) anti-apoptotic proteins *in vitro*. Gingival fibroblasts were treated with different doses of LPS for 24 h (0, 0.001, 0.01, 0.1 and 1 *μ*g/ml LPS). The results showed that LPS increased phosphor-ERK1/2 (p-ERK), phosphor-p38 (p-p38), phosphor-JNK (p-JNK), p53, BCL-2 and survivin in a dose-dependent manner. Simultaneously, phosphor-AKT (p-AKT) decreases in a dose-dependent manner. Error bars represent the S.D. of three different experiments (\**P*\<0.05; \*\**P*\<0.01).](cddiscovery201546-f5){#fig5}

![Other possible mechanisms in cell survival process. (**a**) Gingival fibroblasts were treated with different doses of LPS for 24 h (0, 0.001, 0.01, 0.1 and 1 *μ*g/ml LPS). LPS increased the ratio of LC3 ІI/LC3 I, indicating autophagy was involved. However, the protein level of p16 had not changed. Error bars represent the S.D. of three different experiments (\*\**P*\<0.01). (**b**) Stimulation of LPS for 24 h increased the mRNA expressions of DNA repair genes (Ctrl, control).](cddiscovery201546-f6){#fig6}
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